The type of reproductive isolation prevalent in the initial stages of species divergence can affect the nature and rate of emergence of additional reproductive barriers that subsequently strengthen isolation between species. Different groups of Mediterranean deceptive orchids are characterized by different levels of pollinator specificity. Whereas food-deceptive orchid species show weak pollinator specificity, the sexually deceptive Ophrys species display a more specialized pollination strategy. Comparative analyses reveal that orchids with high pollinator specificity mostly rely on premating reproductive barriers and have very little postmating isolation. In this group, a shift to a novel pollinator achieved by modifying the odour bouquet may represent the main isolation mechanism involved in speciation. By contrast, orchids with weak premating isolation, such as generalized fooddeceptive orchids, show strong evidence for intrinsic postmating reproductive barriers, particularly for late-acting postzygotic barriers such as hybrid sterility. In such species, chromosomal differences may have played a key role in species isolation, although strong postmating-prezygotic isolation has also evolved in these orchids. Molecular analyses of hybrid zones indicate that the types and strength of reproductive barriers in deceptive orchids with contrasting premating isolation mechanisms directly affect the rate and evolutionary consequences of hybridization and the nature of species differentiation.
INTRODUCTION
Although some evolutionary biologists have questioned whether speciation may be directly equated to the evolution of reproductive isolation (see Ehrlich & Raven 1969; Johnson 2006) , there is general agreement that tempo and mode of speciation will be strongly influenced by the nature of isolating barriers (Coyne & Orr 2004) . In plants, these barriers are most conveniently separated into premating (only prezygotic) and postmating (both pre-and postzygotic) isolation (Grant 1981; Snow 1994; Tiffin et al. 2001) . Usually, reproductive isolation involves multiple plant life-history stages and, in most cases, a variety of reproductive barriers contribute to overall isolation (Ramsey et al. 2003; Lowry et al. 2008) . However, pre-and postmating barriers strongly differ in the magnitude of their effects. Because, in nature, isolating mechanisms act sequentially, each isolating barrier can prevent only the potential gene flow that was not already eliminated by earlier acting barriers. Thus, early acting barriers (i.e. prezygotic barriers) are expected to contribute more to isolation than will late-acting barriers, all else being equal (Coyne & Orr 1989; Ramsey et al. 2003; Rieseberg & Willis 2007) . In spite of several studies on animals since the pioneering work of Coyne & Orr (1989) in plants, the influence of isolation barriers that initially separate incipient species on the presence and magnitude of barriers that evolve subsequently remains unknown (but see Moyle et al. 2004) .
Often, the number and nature of genetic changes involved in the origin and maintenance of reproductive barriers differ significantly between pre-and postmating isolation (Rieseberg & Willis 2007; Lowry et al. 2008) and this may influence the speed of species sorting and the strength of species boundaries. For instance, floral differences that affect pollinator attraction and cause premating isolation between species pairs within Mimulus (Scrophulariaceae) and Aquilegia (Ranunculaceae; Bradshaw et al. 1995 Bradshaw et al. , 1998 Whittall & Hodges 2007 ) are controlled by one or a few major quantitative trait loci (QTLs), indicating relatively simple genetic control (Bradshaw et al. 1995 (Bradshaw et al. , 1998 Hodges et al. 2002) , whereas reproductive isolation among Helianthus species primarily involves hybrid sterility, which seems to be related to extensive chromosomal rearrangements (Kim & Rieseberg 1999 ) and has a complex (polygenic) genetic basis (Lai et al. 2005) . Clearly, isolation barriers controlled by few genes of major effect may evolve rapidly, whereas those having a complex genetic architecture may evolve more slowly (Coyne & Orr 2004) . Furthermore, when species occur sympatrically, the genetic architecture of traits involved in their reproductive isolation can determine the outcome of introgressive hybridization (Martinsen et al. 2001; Lexer et al. 2005) .
If many genes contribute to reproductive isolation, much of the genome will be sheltered from introgression as a consequence of linkage between loci directly involved in reproductive isolation and adjacent genomic regions (Coyne & Orr 2004) . In sunflowers, for example, several QTLs associated with hybrid sterility or morphological differences between Helianthus annuus and Helianthus petiolaris co-localize with chromosome segments that are sheltered from introgression, suggesting that the genetic architecture of reproductive isolation operates together with different ecological adaptations to maintain species differences (Buerkle & Rieseberg 2001) . By contrast, if only a few genes (and thus a few genomic regions) contribute to reproductive isolation, much of the genome will be susceptible to interspecific gene flow ( Wu 2001) . For instance, the two European oak species, Quercus robur and Quercus petraea, differ reliably (albeit only subtly) in morphology, but genetically they are only slightly differentiated and often hybridize when sympatric. Here, only a small percentage of their genomes shows evidence of allele frequency variation, suggesting that few genomic regions are sheltered from introgression (ScottiSaintagne et al. 2004) . This and other similar case studies (Lexer & Widmer 2008 ) challenge the view that species differentiation is a genome-wide phenomenon, and instead support the idea that genomes can be porous (Wu 2001) .
In the present review, we summarize the recent literature on a guild of Mediterranean orchids, which have been extensively investigated in regard to their pre-and postmating isolation, to search for answers to the following questions. What is the relative importance of different isolating barriers, especially prezygotic versus postzygotic barriers, in causing reproductive isolation? Do species isolated by strong premating isolation also evolve a degree of postmating isolation comparable with those species showing weak premating isolation? Similarly, do species with weak premating and strong postzygotic isolation also evolve some form of prezygotic isolation? What are the genetic bases of reproductive isolation in orchid species with weak premating barriers? How do different patterns of reproductive isolation (premating versus postmating) impact on introgressive hybridization for species in sympatry? Is species differentiation controlled by a modest or a large number of genes?
POLLINATOR SPECIFICITY AND PREMATING ISOLATION
Orchids are a good experimental system for testing the interaction between pre-and postmating barriers owing to their species richness (suggesting that speciation occurs readily), owing to the floral diversity that characterizes this richness (indicating that premating isolation may be common), and because natural hybridization may be frequent (van der Pijl & Dodson 1966; Gill 1989; Dressler 1993) .
In contrast to other plant groups, approximately one-third of the estimated 25 000 orchid species offer no reward to pollinators ( Tremblay et al. 2005) , suggesting an important role for floral deception in species diversification (Cozzolino & Widmer 2005a) . Food deception represents the most common type of floral deception. Mediterranean members of subtribe Orchidinae are bee-pollinated species showing generalized food deception. They rely on pollinators associating bright floral signals with reward and are expected to attract a relatively wide pollinator fauna (Dafni & Bernhardt 1990; Jersáková et al. 2006) . They differ from several South African deceptive orchids that have highly specialized pollination systems involving mimicry of rewarding species (food-deceptive Batesian mimicry; Johnson 2000; Jersáková et al. 2006) .
The phylogenetic distribution of pollination syndromes for European members of subtribe Orchidinae suggests that generalized food deception was ancestral, so that reward pollination evolved secondarily (Cozzolino et al. 2001; Bateman et al. 2003) . Sexual deception, i.e. a special type of floral deception, where the orchid flower mimics, by scent and visual clues, the female partner of particular pollinators (Kullenberg 1961; Schiestl 2005) , also seems to have evolved from a food-deceptive ancestor (see Mant et al. 2002 for a similar trend found in Australian orchids). Specifically, the widespread production of a significant amount of hydrocarbons in Mediterranean Orchidinae may have represented a preadaptation for the evolution of sexual deception (Schiestl & Cozzolino 2008) . Because deception is the widespread pollination mechanism in Orchidinae, the level of specificity in this type of pollination (and thus its potential as an isolation mechanism) represents a crucial factor for inferring whether reproductive isolation among these species has mainly arisen by the evolution of premating barriers.
Whether pollinator shift is the main cause of speciation in an animal-pollinated plant group can be tested by estimating how frequently sister species are served by different or shared pollinators (Armbruster 1993; Johnson et al. 1998; Whittall & Hodges 2007) . Several studies of sexually deceptive orchids of the Mediterranean genus Ophrys have shown that pollination is highly specific and that closely related species always use different pollinators (reviewed in Schiestl 2005) . Even for sympatric Ophrys species pollinated by the same insect species, reproductive isolation is usually maintained mechanically through the deposition of the orchid's pollen masses on different parts of the insect's body (Kullenberg 1961; Borg-Karlson 1990) . This evidence strongly suggests a prominent role for pollinator shifts in reproductive isolation, and thus speciation, in sexually deceptive orchids (Paulus & Gack 1990 ) and in orchids in general (van der Pijl & Dodson 1966; Gill 1989) . By contrast, Devey et al. (2008) recently proposed an alternative view for species delimitation in the genus Ophrys, by recognizing at the most only 10 isolated groups that can be distinguished genetically.
When compared with sexually deceptive species, the levels of pollinator specificity in Mediterranean fooddeceptive orchids have been less investigated (van der Cingel 1995 and references therein), largely owing to experimental difficulties caused by infrequent pollinator visits ( Neiland & Wilcock 1995) in flowermanipulation experiments. Phylogenetic analysis reveals a few switches to different pollinator classes among food-deceptive species (Cozzolino & Widmer 2005b ) and recent evidence showed that several sister species of Mediterranean food-deceptive orchids co-flower and often use a wide and overlapping set of pollinator species (van der Cingel 1995; Scopece et al. 2007) . Of course, different species may share pollinators and still be completely isolated owing to different pollinium placement on pollinators (Grant 1994 ) but molecular identification of pollinia on pollinators (Widmer et al. 2000) has demonstrated individual insects carrying pollen from several related fooddeceptive orchids with the same placement on insect body indicating that substantial pollinator sharing occurs among sympatric, co-flowering Mediterranean food-deceptive orchids.
Whereas sexual deception appears to be a highly specialized mechanism, generalized food deception is clearly a less-specific pollination mechanism.
COMPONENTS OF POSTMATING ISOLATION
Whether reproductive isolation evolves similarly in plant groups that differ markedly in incidence of premating isolation, such as sexually deceptive versus food-deceptive orchids, constitutes a central issue for understanding the tempo and mode of evolution of such isolating barriers, and for tracing plausible speciation patterns in these two plant groups (but see Johnson 2006 , for an alternative view). Scopece et al. (2007) compared postmating isolation during a prezygotic stage (through an examination of whether pollen germination on stigmas elicits ovule development; Zhang & O'Neill 1993) with that occurring at an early postzygotic stage (in terms of formation of seeds with non-viable embryos, i.e. embryo mortality) between Mediterranean sexually and fooddeceptive orchid species. This was performed between co-flowering species pairs of each plant group and involved a comparison of four phylogenetically independent genera of food-deceptive orchids (namely Anacamptis, Dactylorhiza, Orchis and Neotinea) with the unique sexually deceptive genus Ophrys (Cozzolino et al. 2001; Bateman et al. 2003) .
The study revealed weak premating and strong postmating isolation for food-deceptive orchids, but the converse pattern for sexually deceptive orchids. Furthermore, it was evident that the different components of postmating (both pre-and postzygotic) isolation acted with different strengths and modes between the two orchid groups. The postzygotic isolation due to embryo mortality seemed to have evolved in a clock-like manner, so that species separated by equivalent genetic distance (corresponding to low genetic diversity among species) experienced equal incidence of hybrid embryo mortality across the two orchid groups. By contrast, postmating-prezygotic isolation associated with pollen-ovule interaction did not evolve in a clock-like manner, and food-deceptive orchids exhibited greater isolation than sexually deceptive species (figure 1; Scopece et al. 2007) . The presence in food-deceptive orchids of strong postmating-prezygotic isolation might be associated with their low premating isolation relative to that exhibited by sexually deceptive orchids. Clearly, if species share pollinators, other barriers are needed to limit interspecific mating and the maintenance of species in sympatry.
Because postmating-prezygotic isolation did not vary significantly with genetic distance, we could not assess for food-deceptive orchids if pollen-ovule interaction evolved faster than embryo mortality, as has often been observed in animals for corresponding reproductive stages (egg-sperm protein interactions; Swanson & Vacquier 2002) . However, the occurrence of strong postmating-prezygotic isolation in some combinations (e.g. Orchis italica-Orchis anthropophora and Orchis purpurea-Orchis simia) that produced a high percentage of viable embryos in experimental interspecific crosses suggests that, at least in some fooddeceptive orchids, prezygotic isolation evolved faster than postzygotic isolation as represented by embryo mortality. By contrast, embryo mortality probably depends on genetic difference among species and, as confirmed by its clock-like evolution, depends more on the time elapsed since species diverged (Coyne & Orr 1997 .
Among all stages of postzygotic isolation, including hybrid sterility and hybrid inviability, embryo mortality evolved most slowly. In fact, comparative analysis of the evolution of different stages of postzygotic isolation in the same group of Mediterranean food-deceptive orchids revealed that all postzygotic isolation stages generally evolved gradually over time and that lateacting barriers such as hybrid sterility and hybrid inviability evolved before embryo mortality (Scopece et al. 2008) . Thus, although closely related species of food-deceptive orchids showed little isolation due to embryo mortality, they commonly exhibited strong hybrid sterility and hybrid inviability (figure 2), indicating that these isolation mechanisms primarily contribute to incipient stages of species isolation in such orchids. Consequently, the sequence of evolutionary events leading to complete postzygotic isolation begins with the early evolution of hybrid sterility, followed by hybrid inviability and later by embryo mortality (Scopece et al. 2008) .
Comparisons of relative rates of evolution between the prezygotic stage of pollen-ovule interaction and the postzygotic stage of hybrid sterility are not possible because hybrid sterility evolves in a clock-like manner but pollen-ovule interaction does not. In addition, hybrid sterility can be assessed only among species pairs that lack complete isolation during earlier stages, so species pairs that display strong postmatingprezygotic isolation (pollen-ovule interaction) versus late postzygotic isolation, such as hybrid sterility, cannot be compared directly. However, some specific case studies reveal whether or not the existence of strong postmating-prezygotic isolation in food-deceptive orchids has pre-dated the evolution of hybrid sterility. For instance, interspecific pollination between Orchis mascula and Orchis provincialis does not trigger ovule formation in the experimental crosses between mainland populations (Scopece et al. 2007 ), but the two species occasionally hybridize in isolated areas such as the island of Sardinia (Pellegrino et al. 2005) . This apparent local loss of postmating-prezygotic isolation could reflect stochastic processes (founder effect and/or genetic drift) or the absence of selection on reproductive isolation if, for example, O. provincialis occupied Sardinia in the absence of O. mascula for a protracted period. However, all examined natural hybrids were F 1 or first generation backcrosses towards parental species, indicating partial hybrid sterility (Pellegrino et al. 2005 ). This particular case therefore suggests that, in food-deceptive orchids, even species that show strong postmating-prezygotic isolation have already evolved late postzygotic isolation.
Reproductive character displacement (sensu Butlin 1987) occurs as a consequence of interactions in sympatry among reproductively isolated species and serves to reduce gamete loss in unsuccessful heterospecific mating. The reproductive character displacement may be a plausible explanation for the observation that several food-deceptive orchids characterized by strong and often-complete postzygotic isolation have also evolved a considerable amount of prezygotic isolation (at the pollen-ovule interaction stage). This suggests that the evolution of a postmating-prezygotic barrier can be accelerated by natural selection (Coyne & Orr 1989 , 1997 Sasa et al. 1998; Presgraves 2002; Moyle et al. 2004) when recently diverged species come into secondary contact. However, the predicted link between frequency of sympatry and strength of postmating-prezygotic isolation remains to be demonstrated.
Interestingly, those few food-deceptive orchids that have evolved strong premating floral isolation also show postzygotic isolation. For instance, Anacamptis pyramidalis and Orchis quadripunctata-Orchis brancifortii, which display marked differences in floral morphology and preferred pollinators compared with all other closely related species (Cozzolino et al. 2001) , maintain the same extent of postzygotic isolation as other fooddeceptive species that instead share pollinators (Scopece et al. 2007) , suggesting that the evolution of their postzygotic isolation more likely pre-dated their pollinator shift (i.e. the evolution of premating isolation). In this particular case, a floral shift may not have originated as an isolating mechanism during speciation but evolved as a consequence of selection for reproductive performance (efficient receipt and export of pollen) in the environments where pollinator availability was limited (see Johnson 2006) .
GENETIC BASIS OF POSTZYGOTIC ISOLATION
Intrinsic postzygotic isolation, rather than premating barriers, contributes strongly to maintain species boundaries among sympatric food-deceptive orchid species. The slow evolution of early postzygotic isolation due to embryo mortality, also noted in animals (Bolnick & Near 2005) , is consistent with the gradual accumulation of many genetic incompatibilities of small effect (Carr & Dudash 2003; Coyne & Orr 2004) . By contrast, hybrid sterility may be caused by changes in specific genes (as in Mimulus) and/or chromosomal rearrangements (as in Helianthus; reviewed in Rieseberg & Willis 2007) . The comparison of the extent of karyotype divergence between pairs of sympatric, co-flowering orchid species that either share pollinators, or are pollinated by contrasting specific pollinators, has revealed strong chromosomal differences between species that share pollinators (Cozzolino et al. 2004 ). This result suggests that postzygotic reproductive barriers mediated by karyotype divergence may play a key role in the maintenance of species boundaries in food-deceptive orchids.
Chromosomal differences can evolve among geographically isolated populations, leading to allopatric speciation (Levin 2002) . If such allopatric species subsequently come into contact, they either hybridize and eventually merge into a single species or maintain species integrity if reproductive isolation is sufficiently strong. Under-dominant chromosomal rearrangements that directly reduce heterozygous fitness can be established in small, inbred populations (Levin 2002; Rieseberg & Willis 2007) . The fragmented habitats of the Mediterranean Basin may have accelerated chromosomal evolution in orchids, because mutations are more likely to become fixed in small populations as a consequence of genetic drift. This, however, is not a strict prerequisite: it has recently been argued that chromosomal inversions that capture locally adapted alleles may also spread in a population in the absence of drift (Kirkpatrick & Barton 2006) .
The observed over-representation of chromosomal differences in sympatric orchid species pairs with the same pollinators (Cozzolino et al. 2004) represents an example of reproductive isolate selection (Rieseberg 2001) , during which only species that have experienced chromosomal divergence have survived the challenge of sympatry. This specific case study thus provides the first evidence of a key role for postzygotic reproductive isolation in orchids, for which reproductive isolation has been traditionally attributed to premating barriers (van der Pijl & Dodson 1966; Gill 1989; Dressler 1993) .
Chromosomal rearrangements often contribute to the sterility of hybrid animals (Noor et al. 2001 ) and plants (Rieseberg 2001) , and hybrid sterility often maps to chromosomal rearrangements (Lai et al. 2005) . Similarly, hybrid inviability can be a consequence of genetic incompatibility, which may have a simple genetic basis (Orr 2001; Bomblies & Weigel 2007) . Comparative analysis (Scopece et al. 2008) revealed that hybrid lethality affected 55.6% of species pairs that produce viable embryos when experimentally crossed. For these species pairs, viable hybrids have never been recorded in the wild. Whether this hybrid lethality occurs during an early developmental stage, such as seed germination or seedling establishment, or later in the adult phase is not known.
Establishment of an association with appropriate mycorrhizal partners that provide essential nutrients is crucial for early development in orchids (Arditti 1992; Rasmussen 1995; Batty et al. 2001; Dearnaley 2007) and may contribute to hybrid inviability. Developmental and physiological processes such as fungalplant interactions require the complex orchestration of gene expression in space and time (Bouwmeester et al. 2007 ). Consequently, a species' genetic composition should include a set of alleles coadapted across gene loci that reliably produce a viable reproducing organism (Coyne & Orr 2004) . Hybridization, by introducing foreign alleles, can disrupt the genetic architecture of traits (Burke & Arnold 2001 ) that underpin interactions with other organisms, such as fungal partners. Whether such effects underlie the genetic basis of hybrid inviability in orchids remains to be tested.
REPRODUCTIVE ISOLATION AT WORK: HYBRID ZONES
The diverse types and strength of reproductive barriers in food-deceptive and sexually deceptive orchids may shape the genetic architecture of their hybrid zones. Cozzolino et al. (2006) and Moccia et al. (2007) recently estimated hybrid indices based on AFLP (amplified fragment length polymorphism) markers in hybrid zones between two congeneric pairs of fooddeceptive orchids: O. mascula and Orchis pauciflora, and Anacamptis morio and Anacamptis papilionacea. Whereas Cozzolino et al. (2006) found that most hybrids were F 1 , with only few backcrosses towards O. pauciflora, Moccia et al. (2007) reported no evidence for introgression, all hybrids being F 1 (figure 3). In both cases, analyses of seed production by natural hybrids revealed strong (O. mascula!O. pauciflora) or complete hybrid sterility (A. morio!A. papilionacea). These results suggest that intrinsic postzygotic isolation mechanisms contribute substantially to reproductive isolation between sympatric food-deceptive orchid species in nature (see also Scopece et al. 2008) .
Chromosomal analyses confirmed the occurrence of a strong karyotype difference between the parental species involved in hybrid formation. For example, A. morio and A. papilionacea differ in chromosome number (2nZ36 and 2nZ32, respectively) and, more importantly, in the degree of karyotype asymmetry (Cozzolino et al. 2004) . Consequently, hybrids of these species typically exhibit highly heteromorphic chromosomes and show irregular meiotic behaviour (D'Emerico et al. 1996) , suggesting reduced homology between the parental genomes. By contrast, O. mascula and O. pauciflora have the same chromosome number (2nZ42), but show strong karyotype divergence due to the presence of several large heterochromatic blocks on the chromosomes of O. mascula (D'Emerico et al. 2002) . On the one hand, these studies suggest a minor role for hybridization in diversification and speciation of most Mediterranean food-deceptive orchids and, on the other hand, an important role for late postzygotic barriers in reducing or preventing gene flow among sympatric food-deceptive species. Molecular investigation of hybrid zones between pairs of sexually deceptive orchid species found different patterns and predicted different potential evolutionary outcomes for hybridization. Hybrid zones between Ophrys lupercalis and Ophrys iricolor, Ophrys bilunulata and O. lupercalis, and O. bilunulata and Ophrys fabrella involve extensive introgression (Stö kl et al. 2008, submitted;  figure 3 ), owing to low postzygotic isolation (Scopece et al. 2007) . In contrast to what was found in hybrid zones of food-deceptive orchids, F 1 hybrids are rare in sexually deceptive hybrid zones (figure 3). However, even the occurrence of a single sporadic interspecific pollination in sexually deceptive orchids may lead to gene flow between parental species given the presence of weak postmating isolation. This could explain the low interspecific genetic divergence detected for such species with ribosomal markers compared with the corresponding sister clade of food-deceptive orchids (Cozzolino & Widmer 2005a) . A comparison of sequence divergence for neutral loci relative to putatively selected loci, such as the odour genes involved in the production of pheromone bouquets for attracting specific pollinators, would be a promising avenue of future studies in sexually deceptive orchids.
EVOLUTIONARY NOVELTY GENERATED THROUGH HYBRIDIZATION
Hybridization may have a contrasting evolutionary role in the two orchid groups discussed in this paper. Hybrids between food-deceptive species have both intrinsic fitness problems (partial or total sterility) and low pollination success compared with their parents, possibly due to the intermediate floral traits they display (Cozzolino et al. 2006; Moccia et al. 2007) . Ongoing studies have revealed that these hybrids use the same (or a subset) of pollinators used by their parents and occupy the same habitats, suggesting that hybridization is of limited importance as a creative force in food-deceptive orchids (also see Cozzolino & Widmer 2005b) . By contrast, a more creative role for hybridization is evident from ongoing studies of hybrids of sexually deceptive orchids. For example, O. lupercalis attracts Andrena nigroaenea (Hymenoptera, Andrenidae), whereas Ophrys arachnitiformis is pollinated by Colletes cunicularius (Hymenoptera, Colletidae). Experiments with the scent bouquet of their hybrids in Southern France showed low attraction for either pollinator of the parent species, but relatively greater attraction of Andrena vaga, which does not pollinate the parents. The scent bouquet of the hybrids includes odour compounds that are either absent from those of the parent species or expressed only in very low concentrations. This evolutionary novelty in hybrids of sexually deceptive species suggests that hybridization may contribute to the high pollinator diversification in Ophrys, a hypothesis recently supported by a fine-scale phylogenetic analysis of the group (Devey et al. 2008 ).
CONTRASTING OR SUPPORTING EVIDENCE?
The contrasting associations of strong postmating barriers (both pre-and postzygotic) with generalized food deception and premating isolation with sexual deception suggest the existence of two markedly different evolutionary patterns. However, the expected differences are not always apparent between the two orchid groups.
Despite possessing strong premating isolating mechanisms, sexually deceptive orchids also exhibit some postmating isolation (Scopece et al. 2007) , which is presumably acquired secondarily as a by-product of genetic divergence (Dobzhansky 1937; Mayr 1970) . In contrast to this typical pattern, O. iricolor and Ophrys incubacea, a pair of sexually deceptive species, exhibit late postzygotic isolation due to partial hybrid sterility (Cortis et al. submitted) , similar to that of fooddeceptive orchids. This species pair is unusual for sexually deceptive orchids, because both species attract the same bee, Andrena morio, but differ in the placement of their pollinia. These Ophrys flowers emit specific fragrances and provide tactile signals through the direction of lip hairs that align pollinators during pseudo-copulation either parallel or perpendicular to the labellum (Å gren et al. 1984; Pirstinger & Paulus 1996) , thus determining whether a pollinator removes pollinia primarily with its head or abdomen. Correspondingly, hybrid zones between these species exhibit similar genetic structure to that in hybrid zones of food-deceptive species, with F 1 hybrids but few backcrosses. Estimates of seed set indicate that hybrids produce few viable seeds and karyological analyses also revealed significant chromosomal divergence between the parental species. These results therefore demonstrate the presence, at least in some conditions, of significant postmating isolation in a plant group, the sexually deceptive orchids, which is generally characterized by strong premating barriers and little postmating isolation. That premating isolation of these two Ophrys species involves a mechanical barrier (i.e. different placement of pollinia) rather than an ethological barrier (different specific pollinators) suggests that mechanical mechanisms provide weaker isolation, so that integrity of the species boundary persists only in the additional presence of postmating barriers. In this specific case, postmating isolation, in the form of partial hybrid sterility, will help maintain species boundaries in secondary contact zones.
Similarly, not all food-deceptive orchid species adhere to the typical pattern for their group. Anacamptis morio and Anacamptis longicornu are two vicariant sister species (alternatively viewed as sister subspecies) with very similar floral morphology that meet on the island of Sicily. Here, hybrid zones include all possible hybrid classes-a scenario more typical of hybridizing sexually deceptive orchids. The two species have similar karyotypes, and hybrid plants and parent species exhibit equivalent pollination success and seed production. Phylogeographic and geological evidence indicates that these species have been separated on large continental platforms since the refilling of the Mediterranean basin following the reopening of the Gibraltar Straits (some 4.5 Myr ago) after the Mediterranean salinity crisis (Hsü et al. 1977) , but that subsequent sporadic contacts may also have occurred during more recent glacial periods (Bell & Walker 1992) . In this specific case, periods of isolation have probably been too brief to allow the evolution of strict postmating isolation (Zitari et al. in preparation) . The extent to which cladogenesis in food-deceptive orchids is typically punctuated by several reticulation events involving geographical isolation and subsequent secondary population merging remains unknown.
GENETIC BASES OF REPRODUCTIVE ISOLATION AND SPECIES DIFFERENTIATION
Different kinds of reproductive barriers can have contrasting effects on species richness and diversification whether or not the nature of reproductive barriers per se increases speciation rate (Rieseberg & Willis 2007) . Even if orchids are unrepresentative of plants in general, the patterns described here may provide new insights into the role and interaction of different isolating barriers in plant speciation and the maintenance of species boundaries following secondary contact.
Comparative analysis of reproductive isolation within groups of sexually deceptive and food-deceptive orchids indicates that the contrasting evolution of initial isolating barriers differentially affects the subsequent evolution of other isolating barriers. Sexually deceptive orchids commonly exhibit strong premating isolation because they do not share pollinators, but usually have limited postzygotic isolation, which, when present, probably arises as a secondary effect of independent evolution after divergence. By contrast, food-deceptive orchids may initially be isolated by chromosomal rearrangements and consequent hybrid sterility, but significant postmating-prezygotic isolation associated with mechanisms of pollen-ovule interaction probably evolves once they come into contact.
The difference in the tempo of evolution of pre-and postzygotic isolation can be attributed to contrasting selection during the two critical stages. Loci or genomic regions contributing to postzygotic isolation, such as chromosomal rearrangement in food-deceptive orchids, probably evolve by drift or indirect selection alone, whereas prezygotic isolation associated with pollenovule interaction may also be potentially subject to direct selection particularly in contact zones. This observation explains the overall speed at which postmating-prezygotic isolation consistently accumulates in groups in which postzygotic isolation evolved first, compared with groups, such as sexually deceptive orchids, in which strong premating isolation evolved first (figure 1).
Interestingly, in the food-deceptive orchids, postmating-prezygotic isolation is more common and widespread than premating isolation. The simplest explanation for this pattern is that, although the former isolation stage involving pollen-ovule interaction may be achieved by changes in few interacting loci (as pollen coat proteins; Fiebig et al. 2004 ) a shift to a novel pollinator implies major changes in floral architecture, and so may require substantial mutational leaps to cross a valley of maladaptive phenotypes and low fitness (Wright 1932; Lande 1979; Bateman & Rudall 2006) . By contrast, a shift to a different pollinator in sexually deceptive orchids need not require any significant change in flower shape, but only in the specific scent bouquet for male attraction. Small changes in gene expression are sufficient to change the relative ratio of alkanes and alkenes of different chain lengths that is the key to specific pollinator attraction in these species (Schiestl et al. 1999; Schiestl 2005; Stökl et al. 2008) . This suggests that while food-deceptive orchids more likely evolved in allopatry, sexually deceptive orchids could also evolve in sympatry during a pollinator shift.
Finally, different reproductive isolation barriers may provide a contrasting view of species integrity in the two groups. The postzygotic barriers prevalent among Mediterranean generalized food-deceptive orchids may have a complex genetic basis, with a large part of the genome contributing to species isolation (Rieseberg & Carney 1998; Coyne & Orr 2004) as suggested by the studies on their hybrid zones. By contrast, in sexually deceptive orchids for which few loci contribute to isolation, more extensive gene exchange occurs in hybrid zones. Several sexually deceptive Ophrys species can be distinguished by scent emission, but they are genetically differentiated only weakly and their genomes largely introgress when hybridizing (Stökl et al. 2008) . Thus, in sexually deceptive species, only small portions of the genome may be sheltered from introgression. Eventual co-localization of genes involved in scent emission and these areas of strong genetic differentiation among species might point towards an important role for pollinator adaptation in the maintenance of species boundaries in this orchid group, and suggests adoption of a 'genic' view of the speciation process for these orchids (Lexer & Widmer 2008) . If so, the speciation genes are not regulatory (reviewed in Coyne & Orr 2004) , with species isolation occurring as a by-product of genetic divergence and incompatibility, but rather they are the same genes that dictate the emergence of reproductive isolation.
